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ABSTRACT 
Extensive research was carried out on the relation between pollution performances of 
high voltage ceramic insulators and their shape. However, very little work is published 
using numerical optimization methods. 
In this paper, we propose an alternative approach for optimizing ceramic insulators 
shapes by adopting an optimization numerical approach, namely the genetic algorithms 
technique combined with the finite element method for electrical field and leakage 
current density calculation. The objective is to compare the pollution performance of an 
industrial (reference) cap and pin insulator with its optimized model obtained usinga 
genetic algorithms optimization method. The impact of the insulator shape and the 
pollution on the electrical parameters (voltage, electric field and conduction current 
density distributions) are quantified. In this work, it was shown that the optimized shape 
performs better than the exiting equivalent units when the pollution is deposited near to 
high voltage terminal located at the pin of a cap-and-pin insulator. 
 
   Index Terms —Insulation, Pollution, Electric field, Finite element method (FEM), 
Optimization, Genetic algorithms. 
 
1 INTRODUCTION 
THE reliability of electrical power systems is strongly 
dependent on the continuous satisfactory performance of all its 
constituent equipment, and one of the most crucial elements 
amongst these is the outdoor insulator used in overhead 
transmission and distribution lines. Cap and pin insulators have 
been in use since the early days of power networks. During their 
service life, these insulators are able to withstand not only the 
operating voltage but also over voltages and flashover events, 
in addition to the mechanical stresses [1, 2]. 
Due to their outdoor installation, insulators are always 
subjected to the elements; in particular, various types and levels 
of surface pollution, such as industrial, saline, dust and 
agricultural particulates [3]. It is now well established that the 
performance of outdoor insulators is strongly affected by this 
environmental contamination [4]. When this pollution layer is 
wetted under humid conditions, insulator flashover becomes the 
main problem which threatens continuity of power supply [5] 
and the flashover mechanism is now fairly well understood [6]. 
It is established that the wetting of the pollution layer with high 
humidity, fog or light rain, lowers its resistance and becomes 
conducting, giving rise to leakage current flow in the pollution 
layer on the insulator surface  [7]. This current flow is not 
uniform due to the shape of the insulator and the non-uniform 
repartition of the pollution layer on the insulator surface. As a 
consequence, regions of high current density exist on the 
insulator surface and are associated with higher local power 
dissipation, e.g. close to the pin in the case of a cap and pin 
insulator. This localised heating contributes to the formation of 
dry bands on the surface [8] and leads to arc formation across 
it. Such partial arcing can grow in length or join with others to 
develop a full flashover. 
Several techniques were developed and applied to mitigate 
insulator pollution flashover; e.g. periodic washing [9,10], 
greasing and coating with water-repellent agents and materials  
[11,12], increasing the creepage length of the insulator strings 
[13,14], and improvement of insulator design [15]. This 
pollution flashover performance of insulators is one of the 
guiding factors in their design and dimensioning for outdoor 
application on power lines [3,16]. Furthermore, earlier research, 
focussed on improving the insulator design under polluted 
conditions, led to the widely adopted anti fog profile for 
 polymeric insulators [17] and the adoption of permittivity 
graded materials [18]. However, there is very little published 
material using numerical optimization methods to improve the 
design [19–24], but with no investigation of polluted insulator 
case. 
IEC 608015 [25] gives three approaches of dimensioning 
insulators; (a) using past experience, (b) measure and test and 
(c) measure and design. 
In this paper, a new approach for dimensioning ceramic 
insulators by mean of a numerical method of optimization, 
namely, the Genetic Algorithms (GA) method combined with 
Finite Element method, is proposed. 
The Genetic Algorithms method is widely adopted in various 
areas. It is based on the evolutionary ideas of natural selection 
and genetics, and it is an adaptive heuristic search technique for 
solving both constrained and unconstrained optimization 
problems [26, 27]. The GA method repeatedly updates a 
population of individual solutions, by randomly selecting at 
each step, individuals within the updated population to be 
parents. These are utilized to produce the next generation 
children. In this way, the population evolves to an optimal 
solution [28]. 
The new approach proposed in this work is to combine a 
numerical computation of the electric field distribution around 
the insulator using a finite element solution and the application 
of the genetic algorithms method to realise the optimization of 
the insulator design and distribution of the electric field. After 
that, the obtained model is studied under polluted conditions by 
examining the electrical parameters (voltage, electric field and 
conduction current density distributions). 
2 APPROACH AND MODEL PARAMETERS 
2.1 PROPOSED APPROACH AND OPTIMISATION 
OF ELECTRIC FIELD DISTRIBUTION 
The electric field distribution is one of the main factors which 
control current density and can initiate discharge development 
on the insulator surface. The electric field profile has peak 
regions, particularly near the metallic fittings at which dry 
bands are formed [29]. The optimized performance of a high 
voltage insulator is closely linked to the effective minimization 
of the electric field stress along its creepage length, especially 
around metallic fittings [30]. That is why a particular attention 
is given to the pin region at which the electric field magnitude 
is expected to be the highest. The highest electric field 
magnitude at the pin is used here as the objective function to be 
optimized (minimized) in the GA approach. So, for each step, 
the electric field magnitude value at the pin is calculated and 
then the GA method is used to compare it to the previous value 
until a minimum is achieved, which is the solution sought in 
this investigation. The GA is operated with satisfying two 
constraints simultaneously; keeping the creepage distance as 
well as the diameter of the insulator constant, thereby, only a 
change in insulator shape is introduced. This optimized model 
is studied in presence of wetted pollution represented as a thin 
conductive layer on the upper side of the insulator shed and as 
droplets of humid pollution in the lower part of the insulator 
ribs. 
The electrical parameters including voltage, electric field and 
conduction current density distributions of this optimized 
model were investigated and, for each case, they were 
compared with the industrial cap and pin insulator shape used 
in practice. 
2.2 MODEL PARAMETERS 
Because of their reliability and their excellent resistance to 
material degradation, ceramic insulators are extensively used 
worldwide [2]. Compared with porcelain insulators, glass 
insulators with the same profiles were found to have better 
performances under pollution conditions [31]. 
The studied sample (Figure 1) is a glass cap and pin insulator 
F12AS type. Its electrodes are made of a cast iron cap, which is 
set to ground potential, and an energized steel pin. The 
insulating skirt is made of glass. The insulator has 4 under-shed 
ribs, numbered 1 to 4 in Figure 1 where S1 refers to the upper 
surface of the insulating glass shed and S2 refers to the surface 
of all the creepage length. 
 
 
 
Figure 1. F12AS Type glass insulator depicting details of shape, pollution 
layer and water droplet formation on the ribs. 
 
In order to reconstruct the shape of the insulator for use in 
the numerical computations, its profile is segmented into short 
sections identified by their lengths, curvatures, angles and arc 
lengths. Figure 2 shows details of the insulator sections and 
Table 1 gives a summary of the dimensions. The shed slope is 
β=0.23. The insulator geometric data are; the Diameter (d) =286 
mm, Creepage distance (L) =421 mm, Spacing (p) = 146 mm, 
and its approximate weight=6.4 kg. 
 
 
 
 
Figure 2. Details of the simulation model. 
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 Table 1. Geometric parameters used for the model (see Fig. 2 for details). 
Radius (mm) Angles (°) Lengths (mm) 
R0=3  φ0=90  L1=81 
R1=42 φ1=60  L2=8.5 
R2=5.5  φ2=180  L3=21.5 
R3=21  φ3=63  L4=23.5 
R4=11  φ4=61 L5=16 
R5=5.5  φ5=180  L6=17 
R6=10  φ6= 180 L7=4.1425 
R7=6  φ7=180  L8=10 
R8=10  φ8=62  L9=11 
R9=4  φ9=90 - 
R10=3  φ10=180 - 
R11=3  φ11=90 - 
R12=3  φ12=90 - 
 
For the optimisation carried out in this paper, the modified 
shape needs to satisfy the objective which aims to minimize the 
highest value of the electric field located at the pin [11] while 
fulfilling the constraint of keeping constant both the creepage 
distance and the diameter of the insulator. 
The electric field distribution is computed using FEMM [32] 
software which uses the finite element method. The electric 
currents module of FEMM in the frequency domain is used in 
combination with Matlab environment to solve the governing 
equations for: 
Electric field:E⃗ = −∇⃗ V                                                         (1) 

And current density:  j = σE⃗ + ε ∂E⃗ / ∂t                           (2) 
 
where V: Electric potential, E:Electric field vector, J: Current 
density, :Volume conductivity and :Dielectric constant. 
 
The relative permittivity values used in the model are 5.59 
for glass, 1 for air, and 80 for the water droplets and the 
pollution layer [33]. 
The following assumptions were made for the computation 
of electric field distribution: 
a) The insulator shape is circular and symmetrical; the model is 
examined on a bi-dimensional space using axi-symmetry. 
b) The study is focused on the outer insulating skirt, and all 
phenomena due to material properties are neglected. 
c) Any discharge event that may appear due to high electric 
field magnitudes is ignored. 
d) The effect of water droplet deformation due to the electric 
field stresses is neglected. 
A number of pollution scenarios were considered to 
investigate their effect on the studied parameters, i.e. voltage, 
electric field and current density distributions: The scenarios 
consisted of depositing water droplets at the lower edges of the 
ribs as indicated in Figure 1. An electrical conductivity of 4.8 
S/m (corresponding to sea salt) [34], was used for the water 
droplets, corresponding to a salinity between 28 and 40 kg/m3 
at a temperature of 20°C [35]. The volume of the water droplets 
is taken as 48µl [33] for the droplets in positions 2,3 and 4 and 
12 µl for the droplet in position 1. On the upper surface of the 
insulator S1, a thin conductive pollution having 0.5 mm 
thickness is used to simulate humid contamination. 
After this, the same pollution layer is deposited on the total 
surface S2, of the insulator to simulate the case of a continuous 
pollution which is expected to be the most critical case.  
Table 2 summarizes the eight scenarios investigated in this 
work, giving the locations where the droplets were deposited or 
when a thin pollution layer was used. 
 
Table 2. The different scenarios of water droplet location and pollution 
configuration. 
Scenarios 1 2 3 4 5 6 7 8 
Ribs 1 2 3 4 12 1234 -- -- 
Surfaces - - - - - - S1 S2 
 
The simulation of water droplets on the surface of under-shed 
ribs of the insulator uses hemispherical droplet shapes with 
selected contact angles, α, between 55° and 66°. The range of 
contact angle is used to account for the hydrophilic property of 
ceramic insulators [15, 36-37]. Figure 3 shows a schematic of 
the droplet representation with contact angle definition. 
 
Figure 3. Representation of water droplets and their contact angle with the 
insulator surface. 
3 ELECTRIC FIELD RESULTS 
For the GA method, the different lengths L2, L3, L4, L5, L6 
and L7 (as shown in Figure 2) are taken as optimization 
variables that must satisfy equalities and inequalities constraints 
in Table 3. 
Table 3. GA constraints 
Inequalities Constraint   Equalities Constraint 
1 mm ≤ L2 ≤ 10 mm 2 ∗ (L2 + L3 + L5 + L7) = 100.3 mm 
1 mm ≤ L3 ≤ 30 mm L4 = L3 + 2 mm 
1 mm ≤ L5 ≤ 26 mm L6 = L5 + 1 mm 
1mm ≤ L7 ≤ 26 mm  
 
In the GA model, minimization of the electric field at the 
insulator pin is used as the fitness function (Objective function). 
Therefore, for each calculation step, the electric field is 
computed at the pin, and the Genetic Algorithm compares it to 
the last value until it reaches a minimum, which is the solution 
sought, as shown in Figure 4. 
As can be seen in Figure 5, a finer mesh is generated around 
the insulating skirt region to enhance the accuracy of computed 
values whilst for the air region, far from the insulating skirt, the 
mesh used is more coarse to reduce computation time. The 
metal electrodes were not meshed. For the numerical 
computation of electric field values, a per unit potential of 1 kV, 
50 Hz was assigned to the pin. 
A number of configurations were studied, and results were 
obtained depending on the number of chosen initial population 
and number of iterations performed, since the genetic algorithm 
uses random number generators. Two cases are shown in Table 
4, where the changes were applied to the different ribs of the 
α 
 insulators. As can be seen from the table, a further benefit of 
this optimization is realized through the reduction of the lateral 
surface of the insulator, hence, weight reduction of the 
insulator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic diagram of the Finite Element method combined with the 
Genetic Algorithm (GA). 
 
 
 
Figure 5.Meshed model used in Finite Element computations. 
 
Table 4.Optimization results. 
 F12AS 
Model 
Optimized 
Model 1 
Optimized 
Model 2 
L2 (mm) 8.5 1.9 5.6 
L3 (mm) 21.5 1.1 17.1 
L4 (mm) 23.5 3.1 19.1 
L5 (mm) 16 23.1 7.6 
L6 (mm) 17 24.1 8.6 
L7 (mm) 4.1425 24.1 20 
Creepage distance  (L) 
(mm) 
421 421 421 
Field value (kV/cm) 1.84 1.55 1.55 
Surface (cm2) 73 71 72 
 
 
From the models obtained in Table 4, Model 1 was chosen to 
perform a comparative study between the currently used F12AS 
insulator and the optimised insulator geometry determined 
through the GA method. The study was carried out for the 
different scenarios listed in Table 3. 
3.1 CLEAN CASE 
The computed equipotential distributions for the reference 
(industrial one) insulator and the optimized Model 1 are shown 
in Figures 6a and 6b respectively.  
 
 
a) Reference insulator                                b)Optimized Model1 insulator  
Figure 6. Equipotential distribution under clean surface conditions. 
For the potentials and tangential electric field plots, a 
maximum 99999 points were selected to ensure better accuracy 
of the extracted curves. The electric potential distribution along 
the creepage distance of the two insulators for the clean 
insulator surface is given in Figure 7, with potential values 
varying between 0 kV at the cap to 1 kV at the pin. 
 
Figure 7. Potential distribution along the clean insulator profile for the 
standard and optimised Model 1 insulator shapes. (creepage path cap to pin) 
Figure 8 shows the electric field distribution. As can be seen 
on Figures 7 and 8, both voltage and electric field are 
redistributed favourably using the GA optimised Model 1 
shape. In Figure 8, the maximum electric field value on the pin 
was reduced from 1.84 kV/cm for the standard reference model 
to 1.55 kV/cm for the optimized Model 1 shape, equivalent to a 
16% reduction. As expected, the voltage distribution on the 
insulator surface is highly non-linear, which leads to extremely 
high electrical stresses around the pin region. These stresses, in 
turn, may lead to dry band formation and initiation of surface 
discharges [38]. Close examination of the results in Figure 9, 
giving the tangential electric field distribution, reveal that the 
maximum tangential electric field magnitude is reduced for the 
case of the optimised Model 1 by as much as 13% compared to 
the standard insulator shape, with a lower value of 1.4 kV/cm 
compared with 1.6 kV/cm respectively. 
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 Under clean surface conditions, there is no current flow on 
the surface, which prevents formation of dry bands and 
resulting surface discharges. 
 
Figure 8. Electric field distribution along the clean insulator profile for 
standard and optimised Model 1 insulator shapes. (creepage path cap to pin) 
 
 
Figure 9.Tangential Electric field distribution along the clean insulator profile 
for standard and optimised Model 1 insulator shapes. 
 
3.2 INSULATOR SURFACE WITH POLUTION 
Surface discharges on outdoor insulators, due to wet 
pollution and dry band formation causes flow of leakage current 
on the insulator surface. Such mechanisms govern the design 
and performance of outdoor insulators. In this investigation, the 
different scenarios of pollution given in Table 3 were 
quantified.  
The tangential electric field, which drives the leakage current 
along the insulator surface profile, was computed for all 
scenarios. Figures 10 to 15 report the distribution of the 
tangential electric field along the creepage distance for 
Scenarios 1 to 8, as described in Table 3. 
 In Scenario 1, where just one droplet is deposited at 
Location 1 for the two insulators, a small increase in the 
tangential electric field distribution is observed for both 
conventional and optimised models after introducing the 
polluted water droplet compared with the clean case (Figure 
10a). The computed increases are 3% for the industrial insulator 
and 5% for the proposed optimized insulator shape. For the 
polluted case, the tangential electric field for the optimized 
model is decreased by 19% compared with the industrial model, 
indicating that the optimized model is more performant under 
pollution deposited near to the high voltage terminal. Figures 
10b and 10c present the above results on a logarithmic scale to 
highlight the influence of the conductive water droplet on the 
tangential electric field around the water droplet region and near 
the high voltage terminal. 
 Scenario 2: The water droplet is now moved to Location 2. 
In this case, the optimized model yields the same value, as for 
Scenario 1, for the electric field around the pin (Figure 11) with 
1.3 kV/cm whilst an increase to 1.6 kV/cm for the industrial 
insulator is computed. For this Scenario, a field magnitude 
reduction is observed compared to the clean case for both 
models with a decrease of 3 % for the industrial insulator and 
5% for the optimized shape. 
 Scenario 3: For the third Scenario, the water droplet is 
moved to Location 3. In this case, any change in the maximum 
tangential electric field value is noticed compared with the case 
above. 
 Scenario 4: In this case, the maximum electric field value 
around the pin remains the same as Scenarios2 and 3 above. 
 Scenario 5: Two polluted water droplets are deposited at 
Locations 1 and 2 simultaneously. It can be observed that the 
optimized model performance is better than the industrial 
model, exhibiting a decrease of 19 % in the maximum 
tangential electric field with a value of 1.4kV/cm for the 
optimized model against 1.7 kV/cm for the industrial insulator 
(Figure 12). 
Compared with the clean case, the maximum tangential electric 
field value increases by 6 % for the industrial model but it 
decreases by 1.4% for the optimized shape. 
 Scenario 6: At Locations 1, 2, 3 and 4, the maximum 
tangential electric field is practically the same for both models, 
with a decrease of 0.6% for the optimized model (Figure 13). 
Compared with the clean case, an increase in the maximum 
tangential electric field value is predicted for both models, with 
6% for the industrial model and 21 % for the optimized 
insulator shape. 
 Scenario 7: In this case, where a thin layer of humid 
pollution is deposited on the upper surface of the insulator shed 
S1, we can observe a rise of 12% in the maximum tangential 
electric field for the optimized model compared with the 
industrial shape (Figure 14). 
Compared with the clean case, no change is observable in the 
maximum tangential electric field for the industrial model but a 
significant rise of 29 % is computed for the optimized shape.  
 Scenario 8: In the case of a continuous pollution layer S2, it 
is observed that both models exhibit the same performance 
(Figure 15), and there is a significant decrease of the tangential 
electric field values compared with the clean case, with a 
maximum of 0.7 kV/cm near the ground fitting. 
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a) Field along the creepage distance - linear scale 
 
 
 
b) Field long the creepage distance - logarithmic scale 
 
 
c) Field around the pin region- logarithmic scale 
Figure 10. Tangential electric field distribution along the creepage distance 
for Scenario 1 (droplet at location 1) for both model insulators. 
 
 
Figure 11. Tangential electric field along the creepage distance for Scenario 2 
(droplet at location 2). 
 
 
 
Figure 12. Tangential electric field along the creepage distance for Scenario 5 
(polluted droplets 1 and 2). 
 
\ 
Figure 13. Tangential electric field along the creepage distance for Scenario 6 
(droplet 1, 2, 3 and 4). 
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Figure 14.Tangential electric field along the creepage distance for Scenario 7 
(pollution on upper surface of the insulator). 
 
Figure 15. Tangential electric field along the creepage distance for Scenario 8 
(continuous pollution layer on the surface of the insulator). 
 
 
4 CONDUCTION CURRENT DENSITY 
 
Failures in high voltage insulators is frequently initiated with 
the leakage current flow [39], and this important factor is 
considered in this investigation. 
Figure 16 shows the leakage conduction current density 
distribution along the insulator profile for Scenarios 1 to 4. As 
can be seen, the leakage current density is only significant at the 
position of water droplets. Furthermore, it is observed that, 
when the droplets are closer to the end fittings, cap and pin, the 
magnitude of the leakage current density is higher. In Scenario 
1, we observe a decrease in the leakage current density for the 
optimized model compared to the standard shape. This decrease 
is lower as the droplet is moved away from the pin, to become 
negligible for the case of Scenario 4. 
Figure 17 shows the leakage current density distribution 
along the insulator profile for Scenario 6 (for droplets 1 to 4 at 
the same time), and it can be observed that it is identical to that 
seen on Figure 16. We can infer that the leakage current density 
at any water droplet is not influenced by the presence of other 
droplets in its surroundings.  
 
Figure 16.Leakage current density distribution along the creepage distance 
with Scenarios 1, 2, 3 and 4. 
 
Figure 17. Conduction current density distribution along the creepage distance 
with Scenario 6 (droplets at 1, 2, 3 and 4 locations simultaneously). 
 
In the case of a continuous pollution layer on the upper shed 
S1 (Scenario 7), Figure 18 indicates that the leakage current 
density is much higher and its distribution is almost similar for 
both models. Similar results were obtained for Scenario 8, as 
shown in Figure 19. 
 
Figure18. Conduction current density distribution along the creepage distance 
for Scenario 7 (pollution on upper surface S1). 
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Figure 19. Conduction current density distribution along the creepage distance 
for Scenario 8 (pollution on upper surface S2). 
 
5 COMPARATIVE PERFORMANCE AND 
DISCUSSION 
Table 4 summarises the computed results of tangential 
electric field magnitudes for the different scenarios to identify 
the advantages of the studied optimised insulator shape. 
A comparison between the optimized model and the 
industrial insulator shape is given in the fourth column of Table 
4, and a comparison between the clean polluted cases is shown 
in column 6. 
It should be highlighted that, when the water droplets are near 
to pin (high voltage) as seen in Scenarios 1, 2, 3 and 4, the 
optimized shape is shown to give a better performance in terms 
of maximum tangential electric field. This points out that the 
optimized model can offer advantages under pollution 
conditions. However, when the pollution is located far away 
from the pin, as seen in Scenario 7, the industrial model exhibits 
superior performance. 
 
Table 4.Comparison between the optimized and the industrial 
models using maximum electric field value. 
 
Scenarios 
Models 
O(Optimized) 
I(Industrial) 
Maximum 
electric 
field value 
kV/cm 
Difference 
between I 
and O % 
 Difference 
with the 
clean case 
% 
1 I 1.67 -19.77 + +3.08 
O 1.34   +4.96 
2 I 1.57 -14.65 + -3.08 
O 1.34   -4.96 
3 I 1.57 -14.65 + -3.08 
O 1.34   -4.96 
4 I 1.57 -14.65 + -3.08 
O 1.34   -4.96 
5 I 1.72 -19.18 + -1.41 
O 1.39   +6.17 
6 I 1.71 -0.58 + +5.55 
O 1.70   20.56 
7 I 1.62 +12.34 - 0% 
O 1.82   +29.07 
8 I 0.68 0% = +58.02 
O 0.68   +51.77 
* + indicates that the optimized model is better than the industrial shape 
 
No significant improvement is observable for the case of a 
continuous pollution layer, as in Scenario 8. 
Finally, it is noted that the shape of the optimized model 
approaches the profile of the anti-fog insulator design. 
 
6 CONCLUSION 
Applying the genetic algorithms method to the industrial cap-
and-pin insulator shape using the mono-objective optimization, 
several shapes of the insulator can be obtained depending on the 
adopted number of initial population and iteration. All these 
shapes exhibit a reduced electric field value at the insulator pin 
where the electric field is maximum and where the risk of 
discharge initiation is highest. Furthermore, some of these 
shapes are characterised by reduced geometric dimensions 
compared with industrially adopted insulator shapes. Therefore, 
the weight may also be reduced. 
To examine the performance of the so-obtained shapes after 
optimization under pollution conditions, wet pollution was 
deposited at different positions of the insulator ribs, and both 
the tangential electric field and current density were computed 
and compared for the various models. 
An important result obtained in this study is related to the 
water droplets effect; when the water droplets are near to the 
high voltage fitting (pin), where the electric field is always 
highest, the so-determined optimised model performs better 
compared to existing insulators by lowering the electric field 
magnitude by up to 20%. 
Similarity in shape of the optimised model with the anti-fog 
insulator profile is highlighted around the under shed ribs 
surrounding the pin. 
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